[1] We investigate frictional processes at the basal shear layer of snow flows. A chute is instrumented with basal force plates, velocity and flow height sensors to perform experiments with dry and wet snow. We find that a MohrCoulomb relation of the form S = c + bN accurately describes the relation between normal (N) and shear stress (S). The Coulomb friction coefficient b ranges between 0.22 and 0.55. Several wet snow avalanches exhibited significant cohesion c % 500 Pa. These quantitative measurements of stress, velocity and flow height allow us to probe the relation between basal work, internal dissipation and gravitational potential energy. We find that basal shearing is the primary frictional mechanism retarding snow flows. This mechanism shows no velocity dependence, contrary to many postulated constitutive relations for basal shearing in snow avalanches.
Introduction
[2] A long-standing problem in snow science is the value of the basal dynamic friction coefficient for dense, flowing avalanches. This parameter is defined by the ratio of shear (S) to normal (N) stress and determines the runout distance of avalanches. It is therefore the crucial parameter in hazard mitigation studies. Despite its paramount importance, few direct measurements of S/N exist. Dent et al. [1998] measured shear and normal stresses of an avalanche with flow heights of 0.5 meters at the Revolving Door experimental site and reported a S/N ratio of 0.42. Tiefenbacher and Kern [2004] found a similar S/N ratio for snow flows of the same dimension using the Swiss experimental snow chute. These solitary measurements are in direct contradiction to the extremely low values used in practice (S/N % 0.2) that have been inferred from back-calculations with avalanche dynamics models [Buser and Frutiger, 1980; McClung, 1990; McClung and Mears, 1995; Bartelt et al., 1999] . The lack of experimental data has led to considerable speculation about the nature of frictional processes in avalanches, including the correct form of constitutive relations used to model snow avalanches.
[3] The purpose of this research letter is to report direct measurements of basal shear and normal stresses measured at the Swiss experimental chute. These slides have flow heights on the order of 0.5 m and can reach velocities of nearly 10 ms À1 . Important flow processes in real avalanches, such as snow entrainment or the variation in the location of the running surface, which make measurements of basal shear in full-scale avalanches impossible, are not encountered in the chute experiments. Because we find cohesion, hysteresis and a lack of velocity dependent friction at the basal shear layer, we question the validity of many constitutive formulations used in avalanche dynamics calculations. Although the data do not cover the whole range of full-scale flows, the 19 experiments presented in the following provide an insight into the frictional processes at the basal shear layer of snow flows.
Methods
[4] During the Winter 2005, we used the large (30 m long, 2.5 m wide) snow chute located at the Weissfluhjoch, Switzerland (elevation 2670 m above sea level) to conduct nineteen avalanche experiments, see Table 1 . The snow chute contains three segments: (1) the snow hopper and a 10 m long acceleration slope that can be inclined to angles 32° a 1 45°(measured from horizontal); (2) a 1.6 m long measurement section inclined at a fixed angle of a 2 = 32°; and (3) a 2.15 m long measurement section that can be inclined between 0° a 3 32°. First the hopper is filled with snow obtained from the nearby mountain slope. Then, by opening the hopper release gate, snow flows are created which can reach terminal velocities of up to 10 ms À1 . Release volumes range between 10 to 15 m 3 . Rubber mats on the chute surface prevent the slide from descending as a rigid, undeforming block. The density of the snow r was determined before and after every experiment by weighing a defined cylindrical volume of snow.
[5] Each measurement section is equipped with force plates and velocity and flow height sensors. The force plates contain three strain-gauge sensors (HBM Electronics, Germany, model U9B) that measure the normal force component and one strain-gauge sensor that measures the shear component of the snow flow. The surface of the force plates contains a crossing pattern of 3 mm high riffles. The sampling frequency is 20 kHz. Examples of the measured shear and normal stresses are presented in Figures 1a and 1b for experiments 14 and 19, respectively. By optimizing the plate construction, we could reduce the measurement error to ±5% of the total force. Above the center of each force plate, ultrasonic flow height sensors are installed that allow us to determine the flow height h (measured perpendicular to the running surface) with an accuracy of ±0.05 m.
Sensors containing a pair of phototransistors are located before and after the force plates to capture the velocity of the flow at the basal surface, denoted u 0 (error ±0.2 ms À1 ). Additionally, six velocity sensors are placed vertically on the chute sidewall that allow us to determine velocity profiles of the slides . Typical velocity measurements for experiments 14 and 19 are depicted in Figures 1c and 1d , respectively. The velocity measurements are based on correlation of the infrared reflectivity signals (see Nishimura et al. [1993] , Dent et al. [1998] , Tiefenbacher and Kern [2004] and Kern et al. [2004] for more details). A complete description of the technical details, measurement errors, calibration and position of the force plates and velocity sensors is given by Platzer et al. [2007] . 
Measured S/N Ratios
where b is the Coulomb friction coefficient and c is the cohesion. The measured Coulomb friction coefficients b and cohesion values c were found by a linear curve fit and are listed in Table 1 for all experiments.
[7] The values of the Coulomb friction vary strongly, primarily attributed to the snow wetness. The smallest b value is found for the dry snow experiment 11 (b min = 0.22); the largest b value was found for the wet snow experiment 5 (b max = 0.55). The average b for the dry snow avalanches is b d = 0.26 (standard deviation 0.02); the average b for the wet snow avalanches is b w = 0.48 (standard deviation 0.065).
[8] In general the dry snow avalanches possess low cohesion values (average c d = 61 Pa, standard deviation 79 Pa). We find higher cohesion values for the wet snow events (average c w = 166 Pa, standard deviation 206 Pa). Two events (experiments 4 and 17, Table 1 ) have cohesion values greater than 500 Pa. The largest cohesion values are found in flows that are strongly decelerating and near to stopping. The linear curve fit resulted in two slightly negative cohesion values (experiments 2 and 16) that are within the measurement error; two events (experiment 12 and 15) had somewhat larger negative values, suggesting some nonlinearity in the S relationship at low N values.
[9] In most of the experiments, the shear and normal forces are measured after a slope deviation a 12 = a 1 À a 2 and a 23 = a 2 À a 3 (see Table 1 ). The slope deviations induce centripetal accelerations that increase the normal stresses acting on the force plate:
where g is the gravitational acceleration and R is the effective radius of curvature. We assume that the centripetal accelerations are distributed uniformly over the force plate and can be represented by the value at the plate center. From the directly measured normal forces N, the tangential velocities u (parallel to the slope) and slope normal flow heights h (measured in the z-direction normal to the slope), we can determine the effective curvature R for each experiment by fitting the measured normal stress to the values calculated according to the above equation 2. A large variation in R is expected since it accounts for ramping effects which arise as the avalanche passes over the deviation, depositing snow and smoothing the abrupt transition between chute inclines. The calculated R values are between 0.5 m and 4.0 m.
[10] As the avalanche passes over the force plate, the slip velocity u 0 decreases from avalanche head to tail (see Figures 1c and 1d ). Despite this variation in velocity, the shear stresses are given by equation 1. As in all of our experiments with a deviation, the relation between S and N is linear (Figures 2a and 2b) . Moreover, the centripetal accelerations create a velocity dependent normal force; however, the Mohr-Coulomb relationship between the basal S and N stresses remains valid. These results indicate that the Coulomb friction coefficient b is velocity independent over the investigated velocity range up to u o 10.0 ms À1 .
Gravitational and Basal Work Rates
[11] Because the velocity, force and height data are collected synchronously, we can evaluate how close the flow is to energetically steady conditions. In such a state, the gravitational work rate is in balance with the work rate done by the frictional forces [Bartelt et al., 2005] , where _ W g 00 is the gravitational work rate per unit flow area; _ W 0 00 is the work rate of the basal shear stresses and _ F c 000 is the dissipation rate per unit volume in the core of the avalanche. (Triple prime superscript denotes a quantity per unit volume; double prime superscript a value per unit surface area). The gravitational work rate per unit surface area is
where u is the mean flow velocity determined from the side wall sensors:
The basal work rate _ W 0 00 per unit surface area is
We calculated _ W g 00 and _ W 0 00 as a function of time for every of the 19 experiments. Using the sidewall velocity sensors within snow flows, we found that the mean velocities range between u 0 u 1.5 u 0 , depending on the degree of shearing in the avalanche bulk. The lower boundary of _ W g 00 is calculated with u = u 0 (plug flow) and the upper boundary of _ W 0 00 is calculated with u = 1.50 u 0 (shear deformations in the avalanche bulk).
[12] In strongly decelerating avalanches, _ W 0 00 ) _ W g 00 , the Mohr-Coulomb relation (equation 1) still accurately describes the macroscopic frictional relationship at the basal sliding surface, but the measured shear stresses exhibit some path dependency (hysteresis) as shown in Figure 2c .
[13] A comparison of the gravitational work rate _ W g 00 and the work rate of basal shear _ W 0 00 shows that the measured _ W 0 00 values are mostly within the range of the calculated gravitational work rates (Figure 3) . _ W 0 00 = _ W g 00 defines an energetically steady state flow. Since this condition is quite well fulfilled in the experiments (Figure 3) , we can safely assume energetically steady state at any position within the avalanche despite the fact that the velocities and flow heights are changing over the length of the avalanche. Interestingly, this observation implies that after a slope deviation an energetically steady state condition is reached almost instantaneously.
Velocity Dependent Friction
[14] In avalanche practice the basal shear stresses S is given by some velocity dependent function [Buser and Frutiger, 1980; McClung, 1990; McClung and Mears, 1995; Bartelt et al., 1999] . For example, Norem et al. [1987] proposes a relation of the form
where s is a flow parameter with the dimensions of a density kg m
À3
. Salm [1993] applies the same function but with s = rg xh where x is a flow parameter depending on the terrain and vegetation [Buser and Frutiger, 1980] . However, our findings show that no velocity dependent component can be identified in the basal shear stress S on a flat incline; our experimental results therefore do not support these wellestablished procedures used in avalanche practice.
[15] We tried to resolve this paradox by investigating the possibility that a velocity dependent friction acts elsewhere, namely in the avalanche body. An indication that this might be the case arises from the work rate analysis. Interestingly, we never observed strongly accelerating systems _ W g 00 ) _ W 0 00 . This is unexpected since the measured S/N ratios are often less than the tangent of the slope angle, that is
used for defining the acceleration of the flow. In these cases (experiments 1, 2, 3, 7, 8, 9, 10, 14, 15 and 19 ) the basal work rates _ W 0 00 are located near the upper steady state boundary (experiments 15 and 19 are depicted in Figure 3 ). These (near) energetically steady flow states must be the result of a velocity dependent friction in the core.
[16] To verify this possibility we calculated the depthaveraged dissipation rates in the avalanche core _ F c 00 according to equation 3. This calculation was not carried out for the strongly decelerating events which we consider too far from steady state (see Table 1 ). A relation is apparent between _ F c 00 and the slip velocity for several of the experiments as shown in Figure 4 . For example, we could fit the depth-averaged dissipation with a function of the form
This result implies that the internal frictional stress is proportional to su 0 2 , as given by equation 7. It appears that avalanche dynamics models account for the internal avalanche energy dissipation by projecting an additional velocity squared dependent stress onto the basal surface. However, the use of empirical equations such as equation 7, mix processes that occur at the basal layer and those which occur within the avalanche core.
Conclusions
[17] The experiments reveal that basal friction is the dominant breaking force in dense snow flows. Presently, run-out distances of catastrophic avalanches are calculated using low Coulomb friction values of b = 0.155 [Buser and Frutiger, 1980] . We find Coulomb friction values for dry snow avalanches that approach this value, b % 0.22. This is a significant result because it indicates that low b values are an inherent property of dry flowing snow. The measured b values remain constant in flows, independent of whether they are near or far from steady state, with or without slope deviations.
[18] The role of cohesion in avalanche deceleration certainly deserves more study. We measured cohesion values of up to 500 Pa, especially in the wet snow slides. Cohesional forces represent a constant retarding stress that might play an important role as the avalanche decelerates, especially at the tail of the avalanche where the cohesional stresses become the dominant retarding mechanism, c > bN. Interestingly, our measurements reveal a hysteresis in the relationship between basal shear and normal force for the strongly decelerating events that is mathematically described as a shift in shear stress for a constant normal stress. Thus, the cohesion varies between the avalanche front and tail. Such processes are presently not included in avalanche dynamics models.
[19] Another observation that demands further clarification is the fact that the basal shear forces on a flat incline are independent of the flow velocity. Admittedly, our experimental velocity range, up to 10 ms À1 , is smaller than for real avalanches. Nonetheless, constitutive formulations for basal shear stress, such as those proposed by Norem et al. [1987] or Salm [1993] , predict that even in this range a velocity dependence exists. Our experiments do not support a velocity dependent basal friction. Rather they show that as a velocity dependent friction must exist, it has to arise from dissipative processes occurring in the avalanche core. Surface undulations induce centripetal accelerations (similar to the slope deviations in our experiments) that increase the internal viscous stresses as a function of the velocity squared. This effect would therefore produce the observed internal dissipation rates. Slope deviations also increase the granular agitation in the flow and therefore the collisional dissipation. In fact, our results are also consistent with kinetic theories which predict that the internal dissipation is a function of the velocity cubed [Louge and Keast, 2001; Louge, 2003] . To resolve these questions, our next experimental programme will concentrate on quantifying the dissipative processes (viscous shearing, granular collisions) in the avalanche core.
